The musculoskeletal configuration of the mammalian pectoral limb has been heralded as a key 16 anatomical feature leading to the adaptive radiation of mammals, but limb function in the cynodont 17 outgroup remains unresolved. Conflicting reconstructions of abducted and adducted posture are based 18 on mutually-incompatible interpretations of ambiguous osteology. We reconstruct the pectoral limb of the 19 Triassic non-mammalian cynodont Massetognathus pascuali in three dimensions, by combining skeletal 20 morphology from micro-computed tomography with muscle anatomy from an extended extant 21 phylogenetic bracket. Conservative tests of maximum range of motion suggest a degree of girdle mobility, 22 as well as substantial freedom at the shoulder and the elbow joints. The glenoid fossa supports a neutral 23 pose in which the distal end of the humerus points 45° posterolaterally from the body wall, intermediate 24 between classically "sprawling" and "parasagittal" limb postures. Massetognathus is reconstructed as 25 having a near-mammalian complement of shoulder muscles, including an incipient rotator cuff (m. 26 subscapularis, m. infraspinatus, m. supraspinatus, and m. teres minor). Based on close inspection of the 27 morphology of the glenoid fossa, we hypothesize a posture-driven scenario for the evolution of the therian 28 ball-and-socket shoulder joint. The musculoskeletal reconstruction presented here provides the 29 anatomical scaffolding for more detailed examination of locomotor evolution in the precursors to 30 mammals. 31 32 Keywords: shoulder girdle; forelimb; synapsids; mammals; range of motion; musculoskeletal function; 33 postural evolution.
INTRODUCTION

36
Today's mammals inhabit disparate ecological niches, comprising cursorial, fossorial, aquatic, and even 37 volant forms (Vaughan et al. 2013; Hildebrand, 1989; Fischer et al. 2002) . These varied lifestyles are 38 supported by modifications of the pectoral limb into anatomical structures as diverse as wings and 39 flippers. The evolution of the mammalian-style pectoral limb-mobile scapula, ball-and-socket 40 glenohumeral joint, "parasagittal" limb posture-has been suggested as a key innovation leading to the 41 adaptive radiation of the clade (Polly, 2007) . Morphological diversification of this anatomical module 5 Massetognathus. The planar geometry of the articular facets limits assessment of mobility at this joint to 224 medial and lateral rotation of the clavicle around an axis normal to the interclavicle ( Figure 2) (Kemp, 225 1980b) . Clavicular elevation-depression and long-axis rotation are improbable, as such movements would 226 require compressive deformation of a substantial thickness of soft tissue around the joint.
228
Some degree of mobility at the acromio-clavicular articulation has been hypothesized (Kemp, 1980b) , but 229 the extent of this is difficult to assess in our 3D model of Massetognathus as the acromion is small and 230 possibly incomplete. Although the minimally-projecting acromion observed in MCZ 3691 is consistent with 231 Jenkins ' (1971a) and Kemp's (1980a) descriptions of eucynodont scapulocoracoids, Liu (2007) 232 documented several traversodontid scapulocoracoids with more prominent acromions, including a 233 juvenile Massetognathus pascuali. The distal tip of the clavicle likely presents a shallowly, concave 234 articular surface that is somewhat congruent with the medial surface of the presumptive acromion. We 235 cautiously propose that some sliding or translational motion may have been possible between the clavicle 236 and the acromion, allowing pitch, roll, and yaw rotations around the acromio-clavicular joint, subject to 237 soft-tissue constraints.
239
The glenoid fossa is dorsoventrally concave and anteroposteriorly convex, resembling one half of a sellar 240 joint. The humeral head has an approximately ellipsoidal morphology, with the major axis running 241 between the greater and lesser tubercles. Rotation appears to be somewhat restricted in the absence of 242 translation, totalling 40° in abduction-adduction, 30° in retraction-protraction, and 40° in pronation-243 supination. By contrast, we found greatly increased mobility around all three rotational axes when 244 allowing for translation, suggesting-in line with Jenkins (1971a) and Kemp (1980b) -that the gleno-245 humeral articulation is a six degree of freedom joint.
247
Moving distally to the elbow, we measured comparable amounts of total flexion-extension for the humero-248 radial and humero-ulnar joints (135° for the former, 140° for the latter). Both the radius and the ulna are 249 capable of some amount of abduction-adduction (80° for the radius, 60° for the ulna), and long-axis 250 rotation of each of these bones is unrestricted with reference to the neutral pose. In life, interosseous 251 ligaments and pronator muscles running between the radius and ulna would likely have constrained 252 independent movement of these two bones, while permitting coordinated pronation and supination within 253 the maximum osteological ranges established here.
255
Muscle reconstruction
256
The full set of muscles and taxa considered is given in Table 2 , along with primary literature references. A 257 total of 12 muscles were reconstructed for Massetognathus pascuali. Individual muscles and their 258 attachments are discussed in the text below.
260
M. latissimus dorsi (Fig. 4) 
261
M. latissimus dorsi appears to be plesiomorphic for tetrapods (Romer, 1924) , and is present across the 262 phylogenetic bracket (Table 2) . This muscle originates aponeurotically from the dorsal and thoracodorsal 263 fascia, and sometimes takes multiple costal origins as well (Diogo et al., 2009) 
277
M. pectoralis is present in all extant tetrapods (Table 2) . While non-mammals may have multiple m.
278
pectoralis heads (Jenkins & Goslow, 1983) , the mammalian pectoralis complex comprises a cranial, 279 6 superficial pectoralis major and a caudal, deeper pectoralis minor (Jenkins & Weijs, 1979) . In most 280 mammals, these muscles insert together along the length of the humeral deltopectoral crest, but in some 281 taxa (including humans) the pectoralis minor inserts separately on the coracoid process of the scapula.
282
This is certainly a derived condition, and for the purposes of this study we will consider m. pectoralis as a 283 single functional unit, without major or minor divisions. Originating from the ventral midline of all tetrapods 284 on (where present) the interclavicle, sternal series, and sometimes the medial ends of the costal 285 cartilages, m. pectoralis inserts on the posteroventral surface or apex of the deltopectoral crest in all 286 cases. Massetognathus possesses a prominent deltopectoral crest running slightly more than halfway 287 along the humeral diaphysis. A "cruciate" interclavicle is plesiomorphic for synapsids (Jenkins, 1971a) ,
288
and was considered by Romer (1940) to give origin to a pectoralis complex via the paired fossae on the 289 posterior ramus. Relative to its length, the interclavicle of Massetognathus is considerably broader 290 mediolaterally than that of pelycosaurs, with a well-marked posterior ramus and ridge that may represent 291 an expanded attachment for m. pectoralis (Romer, 1940; Jenkins, 1971a) . We reconstruct m. pectoralis (Jenkins, 1971a; Kemp, 1978) ; accordingly, we have reconstructed Massetognathus with only the 303 scapular and clavicular heads common to all tetrapods.
305
Like monotremes, the cynodont scapula has a strongly reflected cranial border (rcb, Fig. 7 ), which is 306 probably homologous to the therian scapular spine (Romer, 1922; Jenkins, 1971a; Kemp, 1980a, 307 Gambaryan et al. 2015) . The caudally-facing surface of this border is the likely site of origin for m. 308 deltoideus scapularis, in agreement with Gregory and Camp (1918), Romer (1922) , and Jenkins (1971a),
309
but contra Kemp (1980a Kemp ( , 1980b , who attributed a broader origin to m. deltoideus, covering much of the 310 lateral surface of the scapula in addition to the reflected border. In living lepidosaurs and crocodylians, m.
311
deltoideus scapularis takes origin from the cranial or craniodorsal portions of the lateral scapular surface.
312
The presence of a pronounced reflected cranial border would functionally divide an m. deltoideus 313 scapularis spanning the entire lateral surface of the scapula into a posteriorly-facing portion and a 314 laterally-facing portion, with uncertain consequences for its resultant line of action. In the absence of any 315 instances across the phylogenetic bracket of such a functional division, we consider an m. deltoideus 316 scapularis origin restricted to the reflected cranial border more biomechanically plausible. As in all other 317 tetrapods ( 332 There is some question as to whether m. supraspinatus and m. infraspinatus were present as separate, 333 differentiated muscles in non-mammalian cynodonts, though ontogeny shows that both are likely 334 derivatives of the m. supracoracoideus present in non-mammals (Cheng, 1955; Romer, 1956 ). Some 7 workers regard the majority of the lateral surface of the cynodont scapula as an infraspinous fossa for the 336 origin of m. infraspinatus, with m. supraspinatus occupying the area at the craniolateral base of the 337 scapula and the caudodorsal half of the procoracoid, where the ancestral supraspinatus attached 338 (Gregory & Camp, 1918; Romer, 1922; Jenkins, 1971a) . On the other hand, Kemp (1980a Kemp ( , 1980b 339 considered the "infraspinous fossa" an attachment site for m. deltoideus scapularis and m. teres minor.
340
Under this hypothesis, the ventral procoracoid area attributed to m. supraspinatus by others would 341 instead be occupied by an undifferentiated m. supracoracoideus. This latter interpretation more closely 342 resembles the monotreme condition, wherein m. supraspinatus and m. infraspinatus are located at the 343 cranial base of the scapula and on the procoracoid (Howell, 1937a; Gambaryan et al. 2015) . However, 344 despite their more stem-ward position in the mammal phylogeny, the suitability of extant monotremes as 345 cynodont analogues may be compromised by modifications for a fossorial or aquatic lifestyle (Howell, 346 1937b; Jenkins, 1971a; Kemp, 1980b) . The probable cranial migration of m. deltoideus scapularis in 347 cynodonts (see above) likely corresponded to a dorsal expansion of m. supracoracoideus along the large, 348 laterally-facing surface of the scapula, paralleling its origin from the lateral scapular base and procoracoid 349 of lepidosaurs and archosaurs (Table 2) .
351
Kemp (1980a) further argued that m. supraspinatus preceded m. infraspinatus in differentiating from m. 
361
We follow Romer (1922) , Gregory and Camp (1918) , and Jenkins (1971a) in reconstructing m.
362
infraspinatus on most of the lateral surface of the scapula, caudal to the origin of m. deltoideus scapularis 363 ( Fig. 7) . This muscle has a tendinous insertion on a rugosity on the distal portion of the greater tubercle, 2015) . Massetognathus presents no clear area of origin for m. teres minor on the dorsolateral surface of 385 the scapula, but does possess a scar at the base of the lateral scapular surface (Fig. 7) . We therefore 386 agree with Gregory and Camp (1918) and Romer (1922) that this was the likely site of origin for m. teres 
392
latissimus dorsi (Romer, 1922; Miner, 1925; Holmes, 1977; Jenkins & Goslow, 1983) . We follow Jenkins (1971a) and Kemp (1980b) in placing the insertion of m. teres minor on a short ridge extending parallel to 394 the long axis of the humerus from the junction of the deltopectoral crest and the greater tubercle (Fig. 4) .
393
396
M. subcoracoscapularis/subscapularis (Figs. 4, 7) 397 All tetrapods possess either m. subcoracoscapularis or m. subscapularis in the form of a muscle 398 originating over much of the medial surface of the scapulocoracoid or scapula (Table 2 ). In lepidosaurs 399 and monotremes, this muscle has an additional head originating on the medial surfaces of the coracoid 400 and the procoracoid (Jenkins, 1971a; Jenkins & Goslow, 1983; Gambaryan et al. 2015) . Regardless of 401 origin, m. subcoracoscapularis/subscapularis always inserts via a tendon in the vicinity of the humeral 402 lesser tubercle (Table 2 ). M. subcoracoscapularis is found on the medial side of the scapulocoracoid in all 403 cases except for monotremes, where the subscapular fossa has migrated around the caudal border of the 404 scapula to face posterolaterally, exposing the subscapularis in lateral view. The cynodont scapula exhibits 405 no such torsion, and the presumptive fossa for m. subcoracoscapularis faces primarily medially, as is the 406 case for all other tetrapods. We follow Gregory and Camp (1918), Jenkins (1971a) and Kemp (1980a) in 407 reconstructing a two-headed subcoracoscapularis originating on the medial surfaces of the scapula and 408 coracoid (Fig. 7) , and inserting via a tendon on a rugose area at the apex of the lesser tubercle on the 409 humerus ( Fig. 4) .
411
M. teres major (Figs. 4, 7) 412 M. teres major (Table 2) is present in crocodylians (Meers, 2003) and all mammals (Howell, 1937a;  413 Gambaryan et al. 2015; Jenkins & Weijs, 1979; Stein, 1981 Stein, , 1986 Leach, 1977; George, 1977; Abdala & 414 Diogo, 2010), but is absent in lepidosaurs (Romer, 1944; Diogo et al. 2009; Abdala & Diogo, 2010) .
415
Abdala and Diogo (2010) considered m. teres major a derivative of m. subcoracoscapularis, homologous 416 across crocodylians and mammals, and secondarily lost in lepidosaurs and bird-line archosaurs. In 417 therians and crocodylians, the origin of m. teres major runs dorsoventrally along the axillary border of the 418 scapula from the caudal angle (Fig. 7) , or on the lateral surface of the scapula adjacent to the axillary 419 border (Meers, 2003; Howell, 1937a; Gambaryan et al. 2015; Jenkins & Weijs, 1979; Stein, 1981; Leach, 420 1977; George, 1977; Abdala & Diogo, 2010; Harvey & Warburton, 2010; Taylor, 1978) . In monotremes, 421 the origin of m. teres major runs craniocaudally along the lateral surface of the scapula, terminating at the 422 caudal angle. Depending on whether the crocodylian m. teres major is homologous to that of mammals, 423 m. teres major is either a level I or a level II inference. In certain cynodonts, such as Cynognathus, part of 424 the axillary border of the scapula is reflected laterally into a ridge dividing the caudalmost part of the 425 lateral scapular surface from the infraspinous fossa (Romer, 1922; Jenkins, 1971a; Liu, 2007) . Some 426 workers have interpreted this clearly demarcated fossa as the origin of m. teres major (Gregory & Camp, 427 1918; Jenkins, 1971a) . In other cynodonts, including cynognathians such as Luangwa (Kemp, 1980b) and 428 Massetognathus, this caudal fossa is absent, although the scapula does have a somewhat thickened 429 area on the laterally-reflected axillary border (Fig. 7) . We follow Kemp (1980b) in reconstructing m. teres 430 major as a straplike muscle originating as a narrow strip along this thickened dorsal region of the 431 scapula's axillary border (Fig. 7) . M. teres major likely inserted along a ridge running proximodistally along 432 the dorsal surface of the humeral diaphysis (Fig. 4) , parallel to the insertion of m. latissimus dorsi but 433 slightly proximal (Jenkins, 1971a).
435
M. coracobrachialis (Figs. 4, 7) 436 M. coracobrachialis (Table 2) to the insertions of m. teres major and m. teres minor (Romer, 1922) . All divisions of m. triceps brachii 503 insert via a common tendon on the olecranon process of the ulna (Fig. 8) .
505
DISCUSSION
506
The present study integrates evidence from an extant phylogenetic bracket with direct observation of 507 bony features, and corroborates earlier work (Jenkins, 1971a; Gregory & Camp, 1918) in recovering a 508 near-therian complement of shoulder-actuating muscles in cynodonts. All but five muscles were 509 reconstructed in Massetognathus pascuali as strong level I inferences, with the exceptions being m.
510
pectoralis minor, m. deltoideus acromialis, m. teres minor, m. supraspinatus, and m. teres major. The 511 former three are level II inferences, while the latter two are either level I or level II, depending on 512 homology. Of these five muscles, we opted to reconstruct those whose attachments indicate distinct 513 actions on motions of the forelimb at the shoulder (m. teres minor, m. supraspinatus, m. teres major), and 514 omit those with similar actions at the shoulder to muscles already reconstructed as definitely present (m. 515 pectoralis minor≈m. pectoralis major; m. deltoideus acromialis≈m. deltoideus scapularis). Our 516 reconstructed attachment areas encompass both the excluded potential muscles and their larger 517 neighbors, so that these muscles may be considered together as functional groups in future 518 biomechanical analyses. Studies of extant amniotes have shown that osteological correlates to muscle 519 attachments differ between mammalian and non-mammalian taxa (Holmes, 1977; McGowan, 1986) , 520 being more likely to manifest as rugosities in the former, versus depressions and processes in the latter 521 (Bryant & Seymour, 1990) . Massetognathus exhibits a combination of well-marked depressions (e.g. m. 
549
of mediolateral rotation at the clavo-interclavicular joint, and 15° of roll, 25° of yaw, and 30° of pitch at the 550 acromio-clavicular joint. Again, these values all fall well within our measured ranges (Table 1) .
552
It should be stressed that the angular ranges reported in Table 1 represent maximum estimates of joint 553 mobility. It is well established that extrinsic soft tissues such as ligaments, joint capsules, labra, muscles, 554 and integument restrict range of motion in an intact animal to a subset of the mobility assessed from 555 manipulation of dry bones (Pierce et al. 2012; Arnold et al. 2014; Hutson & Hutson, 2012 , 2014 ; although 556 the shoulder appears to be less constrained than the hip, and long-axis rotation seems to be the most 557 affected (Pierce et al. 2012). The aim of this analysis was to establish reasonable maximum ranges as a 1 1 basis for future validation and refinement, and we fully expect the maximum range of motion at all joints 559 modeled here to decrease substantially with the imposition of soft tissue constraints. Radiographic 560 studies of in vivo joint utilization (e.g. Fischer, 1994; Kambic et al. 2014) suggest that an even smaller 561 fraction of that mobility is actually employed during normal locomotion, with the remaining available joint 562 surface reserved for non-locomotor behaviors.
564
Comparison with previous muscle reconstructions 565 Using mammalian muscle anatomy as reference, Oliveira and Schultz (2016) 
571
biceps brachii (absent in ours, present in theirs). We attribute these discrepancies to our use of extant 572 phylogenetic bracketing for determining muscle attachments, in contrast to their adherence to mammalian 573 anatomy. Unlike Oliveira and Schultz, we stopped short of recreating the morphology of the muscles 574 themselves. While Lautenschlager (2013) and others (Holliday, 2009; Cuff & Rayfield, 2015) have shown 575 the feasibility of using topography and spatial exclusion to establish the morphology of tightly juxtaposed 576 cranial muscles with direct attachments, limb muscles tend to be more widely spaced, and Bryant and 577 Seymour (1990) caution that architecture and non-uniform cross-sections can confound three-578 dimensional reconstructions of muscles with tendinous attachments.
580
While Gregory and Camp (1918) recovered a similar muscle reconstruction to ours for the cynodont 581 Cynognathus, their skeletal reconstruction differed in one important respect. Cynognathus was 582 reconstructed with the scapulocoracoids much closer to the animal's sagittal plane, such that the 583 coracoids appear to contact the interclavicle along the ventral midline. This arrangement resembles that 584 seen in extant monotremes, wherein the coracoids articulate with the interclavicle and the procoracoids 585 are closely apposed, occasionally overlapping asymmetrically (Cave, 1970) . This has been suggested to 586 be a derived condition allowing better resistance to compressive forces, and possibly related to fossorial 587 or swimming behaviors (Luo, 2015) . In Massetognathus, the length and curvature of the clavicles 588 necessitate substantial separation between the scapulocoracoids, regardless of clavicular mobility. The 589 lateral separation between the scapulocoracoids and the interclavicle tends to get understated in two-590 dimensional reconstructions, many of which depict a lateral view showing only the smaller vertical 591 component of the gap (e.g. Jenkins, 1971a; Kemp, 1980a Kemp, , 1980b Sun & Li, 1985) .
593
Gregory and Camp (1918) 
